We report the realization of a Bose-Einstein condensate of metastable atoms (helium in the lowest triplet state). The excitation energy of each atom with respect to the ground state is 20 electron volts, but inelastic processes that would destroy the sample are suppressed strongly enough in a spin-polarized sample to allow condensation. Our detection scheme takes advantage of the metastability to achieve detection of individual atoms as well as of the decay products of inelastic processes. This detection opens the way toward new studies in mesoscopic quantum statistical physics, as well as in atomic quantum optics.
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Bose-Einstein condensation (BEC) of helium in its ground electronic state has been known for decades and is responsible for many extraordinary properties of liquid helium. The more recently observed BEC of weakly interacting atomic gases exhibits a rich variety of phenomena at the interface between condensed matter and statistical physics on the one hand and atomic, molecular, and quantum optical physics on the other (1). The phenomenon has thus far been observed in four different atomic species: H, Li, Na, and Rb (2) (3) (4) (5) . We now report the observation of BEC in a fifth species: metastable triplet He (He*). This result is important in itself because not all atoms lend themselves to condensation with present technology and, as was demonstrated in the case of Cs (6 ) , sometimes only in attempting to form a BEC can one obtain accurate enough information to conclude whether it is possible or not. In the case of He*, it was in fact predicted that elastic collision rates were sufficiently large and inelastic collision rates were sufficiently low to permit BEC (7 ) , and this prediction has stimulated experimental efforts in several labs (8) (9) (10) . Our work verifies these predictions, and helium is now the only atom that exhibits BEC in two phases with vastly different densities, corresponding to different electronic states.
A BEC of He* is remarkable in that the constituent atoms contain a large internal energy: the 2 3 S 1 state is 20 eV above the electronic ground state, and this energy is huge compared to the thermal energy of our sample (10 Ϫ10 eV per atom at 1 K). Only a complete decoupling of the internal and external degrees of freedom prevents conversion of the internal electronic atomic energy into ionization and kinetic energy that would lead to an immediate destruction of the condensate. An unpolarized sample of metastable helium at such a large density (about 10 13 cm Ϫ3 ) would be destroyed in less than a millisecond (11) (12) (13) . The reason this does not happen is the complete spin polarization of a magnetically trapped gas. When all spins are aligned along the same direction, Penning ionizing collisions that could release the internal potential energy are suppressed by spin conservation (14) . Theoretical studies (7, 15, 16 ) that take into account spin relaxation predict a suppression factor as large as 10 5 (17) .
The large energy content of each atom opens the ultimate possibility of detecting individual atoms with nanosecond time resolution, an extremely challenging task when using optical detection. When the atoms hit a detector such as a microchannel plate (MCP) with a velocity of 1 m/s as in our experiment, the time resolution translates into nanometer position resolution. With such sensitive detection, it will become possible to study mesoscopic statistical physics, with a number of particles ranging from 10 5 or larger to a few, thereby allowing the study of finite number effects in an unusual range (18) . Individual atom detection will also allow one to perform new quantum atom optics experiments. For instance, the celebrated experiments of spatial interference between two independent condensates (19) could be done with a time-and position-resolved detector, so that the emergence of a relative phase between the two condensates, as predicted in several theoretical papers (20) , could be followed in real time.
Our experiment begins with a magnetooptical trap of He* (21) . After optical molasses cooling, optical pumping, and magnetic compression, the magnetic trap contains about 2 ϫ 10 8 atoms at 1 mK. Metastable helium in the 2 3 S 1 state has a ( purely electronic) spin of 1, and only the m ϭ ϩ1 magnetic sublevel can be trapped. The m ϭ Ϫ1 sublevel is antitrapped, and m ϭ 0 is insensitive to the magnetic field. The magnetic trap is of a "cloverleaf " design (22) with BЈ ϭ 85 G/cm, BЉ ϭ 20 G/cm 2 , and a bias field B 0 ϭ 0.3 G at the end of the compression. The corresponding axial and radial oscillation frequencies in the harmonic trapping potential are about 50 and 1300 Hz, respectively. The atomic cloud is elongated along the coils' axial direction ( Fig. 1) , and its lifetime is 50 to 60 s.
After the compression stage, thermalization is rapid enough for evaporative cooling (21), and we begin a radio frequency (RF) evaporation ramp at a frequency of 135 MHz. The ramp lasts about 60 s and goes down to a value around 1 MHz, which is about 150 kHz above the minimum of the trapping potential. After the ramp, the trap holds the remaining atoms for 100 ms or more. We then turn off the currents producing the magnetic trap, and atoms falling under the influence of gravity are detected by a MCP placed 5 cm below the trap center. We show in Fig.  2 the signal from the MCP as a function of time after the atoms' release and for various values for the final frequency of the ramp. The time-of-flight (TOF) spectra show the arrival time distribution for a cloud of atoms falling on the detector. The mean arrival time corresponds to the time it takes for the atoms, initially nearly at rest, to fall 5 cm.
Because the width of the distribution is small compared to the mean arrival time, all of the atoms hit the detector with nearly the same final velocity of 1 m/s. The TOF spectra are then proportional to the spatial distribution along the vertical x direction, integrated over y and z. Figure 2 thus shows the behavior characteristic of most other BEC experiments using atoms in a harmonic trapping potential: At a high final ramp frequency (that is, above the condensation temperature), the spatial distribution is well approximated by a MaxwellBoltzmann distribution, whereas when the ramp goes low enough and reduces the temperature sufficiently, the distribution exhibits a narrow peak on top of a broad one. The fraction of atoms in the narrow peak increases as the final ramp frequency is lowered, and we interpret this peak as a BEC. The signal disappears altogether when the ramp is allowed to go even lower and to completely empty the trap. The spectra shown in Fig. 2 correspond to approximately 5 ϫ 10 3 atoms falling on the MCP. They correspond to freely falling atoms released from the trap immediately after the currents in the coils are turned off. Stray magnetic field gradients are present during the atoms' fall, and therefore we conclude that these atoms are in the fieldinsensitive m ϭ 0 state. We have confirmed this interpretation by deliberately applying a field gradient of 0.1 to 1 G/cm along the vertical direction during the 100-ms fall time. We observed no change in the arrival time nor in the height of the observed peak in the presence of these gradients. We thus interpret the spectra as a sample of the cold, trapped cloud in m ϭ ϩ1 (including both the condensed and the uncondensed fractions) that was rapidly transferred to the m ϭ 0 state during the switch-off of the current. We know from previous in situ magnetic field measurements that when the current is switched off, eddy currents in the vacuum chamber cause the bias magnetic field at the position of the atoms, originally 0.3 G, to reverse and attain values above 100 G. This reversal takes place in about 100 s, after which time the magnetic field decays with a time constant of about 1 ms. We presume that during this fast reversal, most of the atomic spins adiabatically follow the magnetic field, but a small fraction ends up in the m ϭ 0 state. Such a nonadiabatic transition must take place while the field is close to zero; that is, in a time short compared to the 100-s reversal time (23) .
This scenario is supported by two additional observations. First, when applying the vertical gradient mentioned above, we observed a second peak in the TOF spectrum. This peak arrived earlier by an amount consistent with the acceleration caused by the applied gradient and therefore corresponded to atoms in one of the field-sensitive states. This peak had an area as much as seven times greater than that of the m ϭ 0 peak, indicating that many more atoms were in the trap than were observed in the TOF spectrum. In a second experiment, we used an RF knife ramping through the trap at 1 kHz/ms to couple the atoms out of the condensate rather than turning off the magnetic field. In this way, we also observed as many as seven times more atoms as in the curves in Fig. 2 .
We can confirm the idea that many more atoms are trapped than are observed in Fig.  2 by an independent analysis leading to the number N th of atoms in the thermal cloud below the critical temperature. By fitting the wings of the TOF spectra, we are able to determine the temperature T of the trapped atomic cloud and, using the Bose distribution, to infer N th . As discussed in (18) and experimentally demonstrated in (22, 24, 25) , this number should be given by: N th ϭ 1.202 (kT/ប ) 3 , where k is Boltzmann's constant, ប is Planck's constant divided by 2, and denotes the geometric mean of the trap oscillation frequencies. This relation gives an absolute thermodynamic measurement of the number of atoms. It is greater by a factor f ϭ 8 Ϯ 4 than the value from the MCP. The uncertainty given for f is the standard deviation of 28 measurements. Taking this correction into account, the largest condensate we have observed contained about 10 5 atoms. We have also examined the behavior of the condensate for different atom numbers. Figure 3 shows the results of a series of runs for which the number of atoms in the condensate was varied. We plot the width corresponding to the Thomas-Fermi radius of the condensate after expansion, as a function of the number N 0 of atoms in the condensed fraction. We obtained good fits to an inverted parabola squared for numbers of detected atoms as low as 400. The size w i of the condensate in the direction i, in the ThomasFermi approximation, and for a scattering length a is given by
where i ϭ ͌ {ប/m i } is the size of the ground state harmonic oscillator wavefunction along the ith direction, and denotes the geometric mean of the three sizes. To obtain the size of the condensate in the trap from the measured size after the expansion of duration (t) ϭ 100 ms, we use the analysis of (26 ) according to which, for a sudden switch-off of the trapping potential, the spatial distribution of the condensate along an initially tightly confined direction i is simply dilated by a factor i t during expansion. Thus, the condensate size should vary as the 1/5 power of the number of atoms, as is confirmed by a fit to a log-log plot (slope 0.19) and Fig. 3 . Knowing the size as a function of the number of atoms in the condensate allows us also to get an estimate of the scattering length a. We used the data in Fig. 3 , and correcting the number of atoms by the correction factor f we obtained a ϭ 20 Ϯ 10 nm. This result is consistent with our elastic rate constant measurements at 1 mK (21) . The validity of the above analysis relies on two important assumptions. First, the release of the atoms from the trapping potential must be rapid as compared to the inverse of the angular frequency i . If this were not the case, the expansion would not be as fast as expected, and this discrepancy would lead to an underestimate of the size of the condensate and therefore of a. According to the discussion of the rapid transfer to m ϭ 0 above, it is reasonable to believe that the condition is fulfilled in our case, but its violation can lead to large errors. The second assumption is that the interaction energy between the atoms in the various m sublevels is described by a single scattering length a (27, 28) and that they all expand freely (29) .
We have also observed the ions produced by the trapped condensate by negatively biasing a grid above the MCP (Fig.  4) . These ions are due to Penning ionization of residual gases, two-body Penning collisions within the condensate, or possibly to other, more complicated processes. We observed a factor of 4 to 5 more ions from the condensate than from a thermal cloud at 1 K, and we attribute this increase to the larger density in the condensate. The lifetime of the condensate, estimated by observing the decay of the ion rate, is on the order of a few seconds. This is true both with and without an RF knife to evacuate hot atoms (22, 30) , although the lifetime is slightly longer with the knife present. The density of the condensate, deduced from its vertical size measurement and its known aspect ratio, is on the order of 10 13 cm Ϫ3 , so from the lifetime we can place an upper limit of 10 Ϫ13 cm 3 s Ϫ1 on the relaxationinduced Penning ionization rate constant.
The observation of BEC in He*, together with our MCP detector, offers many new possibilities for the investigation of BECs. The ion detection described in the previous paragraph allows continuous nondestructive monitoring of the trapped condensate. Our ability to count individual He* atoms falling out of the trap can be combined with several outcoupling schemes releasing the atoms in the field-insensitive m ϭ 0 state: A laser-induced Raman transition (31) can provide an even faster and more flexible scheme than the fast reversal of the magnetic field presented here; on the other hand, like an RF outcoupler, it can also produce a quasi-continuous-wave atom laser (32, 33) , and the RF experiment presented above is a crude version of it. Fast dumping of atoms, with numbers ranging from over 10 5 to a few, can offer new opportunities for studies in statistical physics with low numbers of particles, such as investigations of corrections far from the thermodynamical limit (18) . Slow outcoupling combined with space-and time-resolved detection of individual atoms should allow one to perform accurate comparisons of correlation functions (30) for a thermal beam of ultracold atoms (34 ) and for an atom laser, realizing the quantum atom optics counterpart of one of the fundamental experiments of quantum optics. Experiments that are still unrealized in quantum photon optics may also become possible with a system such as that reported here.
It has already been shown that the laser and vacuum apparatus necessary to manipulate 4 He is readily adapted to the fermionic isotope 3 He (12). Thus we expect that it will soon be possible to study a degenerate gas of fermions using sympathetic cooling (35) (36) (37) . Finally, the upper-lying levels of triplet metastable helium are radiatively coupled to the electronic 1 1 S 0 ground state, so that a laser excitation of the condensate toward one of these levels would create a population inversion with the ground state. This excitation could lead to superradiance, and even lasing beyond 20 eV. It might also yield a dilute degenerate sample of groundstate helium, giving yet a third phase of quantum degenerate helium. (Fig. 2) [that is, a thermal cloud (T ϭ 1 K)], whereas for 0.97 MHz (thick line) the cloud is almost a pure BEC. The lifetime is smaller in the latter case, indicating a higher loss rate for a BEC.
